BACKGROUND Arterial 18 fluorodeoxyglucose (FDG) positron emission tomography (PET) is considered a measure of atherosclerotic plaque macrophages and is used for quantification of disease activity in clinical trials, but the distribution profile of FDG across macrophages and other arterial cells has not been fully clarified.
signal (8-10), but there is no quantitative evidence that macrophages comprise the only or principal site of FDG accumulation in human arteries. On the contrary, studies have revealed nontrivial signal levels arising from arterial segments with few or no macrophages (target to background ratio [TBR] z 1.3 to 1.5) (8-10), and plaque macrophage variation typically accounts for less than one-half of the variation in FDG-PET signal (reported range r 2 ¼ 0.1 to 0.6) (Online Table 1 ). Other abundant arterial cell types, for example, smooth muscle cells (SMCs), express glucose transporters and take up FDG in vitro (11) , but the quantitative contribution of nonmacrophages to the total arterial FDG-PET signal is unknown (1) .
This complicates the interpretation of clinical FDG-PET trials, because it weakens the underlying tenet that the level and alterations in FDG-PET signal are directly related to inflammation.
An important obstacle to understanding the sources of arterial FDG-PET signal is the limited resolution of PET compared with artery wall dimensions (12) , which prevents demarcation and direct measurement of signal from arterial subcompartments. Instead, the combined signal from all sources, including background, is typically measured within a region of interest (ROI) around the artery, and this composite measure is correlated empirically with features of interest, for example, plaque macrophages, without further attempts to define the physical origin of the signal.
Detailed investigation of FDG-PET signal sources is difficult to conduct in humans because of the inaccessibility of relevant arteries (e.g., the ascending aorta) to histological analysis. Small animals are also unfavorable, because artery wall dimensions are far below scanner resolution (12) . We therefore used D374Y-PCSK9 transgenic minipigs, which feature arteries and atherosclerotic plaques that are comparable to human arteries and plaques in terms of size and morphology (13) (14) (15) .
In the present study, we reproduce many findings of human FDG-PET in minipigs, supporting the translational relevance of the animal model. We use a model-based approach for arterial PET signal to estimate the activity fraction of subresolution tissues in vivo (16) . Using this approach, we provide estimates of signal arising from separate arterial cellular compartments, and we confirm the accuracy of this approach by tissue autoradiography. Our results show that arterial FDG-PET signal in atherosclerotic minipigs is not dominated by tracer accumulation in macrophages, but rather that FDG accumulates equally in other arterial wall tissues, including SMCs of the arterial media. 28 MBq FDG, followed by euthanasia and histopathological analysis 2 to 4 days later. Pimonidazole (10 mg/kg) was injected in a subgroup of HFHC-fed minipigs (7 TG and 4 WT) at 110 AE 16 min before euthanasia. The atherosclerosis phenotype of the HFHC-fed TG and WT minipigs in the present study has been previously described (13) . The Danish Animal Experiments Inspectorate approved all experimental procedures.
METHODS
AUTORADIOGRAPHY. Four additional TG minipigs (2 male, 2 female) were fed HFHC diet from 8 weeks of age to 80 AE 5 weeks of age and used for autoradiography experiments (Online Figure 1 ). Pigs were injected with 482 AE 63 MBq FDG and 93 MBq tritium-deoxyglucose, and iliac, carotid, and aortic arteries were extracted after approximately 2 h (Online Figure 2 ). Three 4-mm blocks from each vessel with visible lesions were chosen for autoradiography. Carotids were lesion-free, and normal blocks were selected. Blocks were snapfrozen, cryosectioned (40 mm), and thaw-mounted onto slides, after which they were dried and apposed onto phosphor imaging plates along with calibrated standards for approximately 5 18 F half-lives. Additionally, 5-mm cryosections were apposed onto imaging plates for a period of 19 weeks to record tritiumdeoxyglucose signal. Adjacent sections were processed for immunohistochemistry. TISSUE ANALYSIS. Aortas were Sudan IV-stained and examined en face to quantify lesion area. Ilio-femoral arteries of in vivo scanned animals were sliced at 1-cm intervals and paraffin-embedded. One longitudinal slice from the major curvature of the ascending aorta was excised and was paraffin embedded. Sections were stained with hematoxylin/eosin or orcein, or with antibodies against muramidase (macrophages) or pimonidazole (hypoxia). 
18-FDG Accumulates in Multiple Arterial Cell Types
In arterial cross sections, the intima and media were manually delineated excluding any calcium deposits, measuring total intima and media areas.
Muramidase-positive areas were subtracted to yield macrophage-free intima and media areas. Necrotic areas with low cellularity (<10 cell nuclei per 0.01 mm 2 ) were also recorded. IMAGE ANALYSIS. Fused PET/CT images of the ascending aorta, superior vena cava, ilio-femoral arteries, and ilio-femoral veins were analyzed, and careful alignment to tissue specimens was conducted using anatomical landmarks. An ROI was placed around arteries, including lumen, and within the lumen of veins to acquire standardized uptake values (SUV) calculated according to previous reports (17) .
Standardized total ROI activity (A ROI ) inside an ROI
was calculated through multiplication of the ROI volume by its average SUV. The background activity, According to the model, signal must arise from either arterial tissue, residual blood activity, or spillover from neighboring regions:
where A ROI is the standardized (to body weight and tracer dose) total activity in the arterial ROI, V a is the volume of target arterial tissue, C a is the recovered for the arterial background. The arterial tissue can be further split into complementary tissue components, e.g., macrophage-rich tissue (m4), macrophage-free media (fm), and macrophage-free intima (fi):
18-FDG Accumulates in Multiple Arterial Cell Types
Multivariable regression analysis over this signal model was carried out for ilio-femoral arteries with histologically determined subcomponent volumes
and measured values of A ROI and A bg ( Table 1) . This analysis provided a much higher determination coefficient (R 2 ¼ 0.81) than any univariable correlation and a nonsignificant intercept that was close to zero, implying that no signal sources were omitted.
As seen from the structure of the signal model Similar signal modeling was conducted in the ascending aorta comparing lesioned and nonlesioned regions (Online Table 2 ). We found that the amount of arterial tissue in each region correlated independently with FDG-PET signal, and that the estimated average standardized activity concentrations in both regions were similar. This again indicated that FDG accumulation occurred in bulk arterial tissue, rather than solely in atherosclerotic lesions with macrophage infiltration. This was also consistent with the observed high signal in aortas from healthy minipigs (Figure 1) .
Due to the thickness of the tunica media (1.74 AE Figure 4 ). The analysis showed no significant whereas the rest of the arterial wall retained a highly significant correlation (Online Table 3 ). Table 4 ).
The autoradiography results thus confirmed the prediction of the signal model that the examined tissues, including normal media, accumulated FDG to a similar extent, and that macrophages did not exhibit exceptional tracer concentrations. Tritiumdeoxyglucose autoradiography images agreed with the FDG images, but had lower signal-to-noise levels (Online Figure 5 ).
MACROPHAGE FDG ACCUMULATION AUGMENTED
BY HYPOXIA. Hypoxia has previously been implicated as a modulator of FDG uptake in atherosclerotic plaques (11) . Using pimonidazole as a molecular probe, we detected hypoxia mainly in macrophagerich regions of iliofemoral plaques (Online Figure 6 ).
Because the effect of hypoxia would be to stimulate FDG uptake in cells, we performed exploratory regression analyses using hypoxic volume as interaction terms with macrophage-rich and -free intima.
Stepwise regression with backward elimination removed the hypoxia times macrophage-free intima term, but the interaction between macrophages and hypoxia remained in the model with a significant positive coefficient (Online Table 5 ), indicating that hypoxia may augment FDG accumulation in macrophages.
MACROPHAGE DENSITY NOT INDEPENDENTLY
CORRELATED WITH FDG-PET SIGNAL. Macrophage density is a variable that has been reported to correlate univariably with FDG-PET signal in human studies (Online Table 1 ), and we were able to replicate this observation in our data (Online Table 6 ). rC mf ¼ relative macrophage activity concentration normalized to macrophage-free media activity concentration; other abbreviations as in Figure 1 .
However, this correlation was not independent, but driven by an underlying correlation between macrophage density and total arterial volume (r 2 ¼ 0.56).
Accordingly, density was rendered insignificant when total volume was included in multivariable analysis (Online Table 6 ).
ARTERIAL FDG-PET SIGNAL NOT DOMINATED BY
MACROPHAGES. The contributions of vessel wall subcomponents to the overall activity in ilio-femoral arteries are shown in Figure 5 . The contribution of each arterial component was calculated through multiplication of its volume by its recovered activity concentration, obtained from the signal modeling analysis ( Table 1 ). In atherosclerosis-free arterial segments, the full signal arises from the media and background alone. With the occurrence of lesions, leading to increase in artery wall volume, the artery signal fraction rises while the background fraction recedes. For growing lesions, macrophages gain in relative importance, but the trend lines indicate that macrophages do not become dominant, even for large plaques above 15 mm 2 in cross-sectional area. Online Figure 7 shows the predictions based on the signal model that includes hypoxia in the calculation of the macrophage signal fraction (Online Table 5 ), but this does not affect the overall pattern. 
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Predicted PET signal fractions originating from different arterial wall components and background in iliofemoral sections (n ¼ 115 sections from 12 pigs). The data are based on the PET signal model 4 regression results presented in Table 1 . Fitted semi-log trend lines are presented, p < 0.0001 for all lines (A to D). Abbreviations as in (13) (14) (15) . Also, hypoxia, as shown in the present study (Online Figure 6 ), has an intraplaque distribution similar to that of human plaques (24) . In both pigs and humans, advanced lesions form consistently in the ilio-femoral arteries (13) , while the ascending aorta is typically limited to less advanced lesion types (19) . Of particular importance for imaging, minipigs resemble humans in terms of body size and vessel dimensions, and thus present similar challenges to imaging with suboptimal resolution (12) . We used a scan protocol with late acquisition similar to those used in human studies, and we obtained comparable signal levels with conventional PET quantification measures (17, 20) . Furthermore, we found univariable correlations between FDG signal and plaque macrophage content consistent with the range of determination coefficients reported in human studies (Online Table 1 Our findings raise particular caution against the use of the ascending aorta as an imaging endpoint, because the thick FDG-accumulating arterial media can overwhelm plaque signal. Recently, an expert group evaluating clinical FDG-PET imaging data also reached the conclusion that the ascending aorta may be less sensitive for detecting effects of interventions (29) . We believe that the mechanistic explanation provided in the present study adds further weight to this recommendation. STUDY LIMITATIONS. Pigs do not develop noteworthy carotid lesions, and we could therefore not investigate the performance of FDG-PET for carotid plaques. Human plaques often have lower total cellularity than the more rapidly evolving plaques in minipigs, and ratios between different cell types may also differ, which could translate into different contributions of the FDG accumulating cell types. However, there is no evidence that human plaques (8-10) are more dominated by macrophages than D374Y-PCSK9 minipig lesions (Figure 2) (14) . Furthermore, our data regarding the effect of hypoxia on macrophage FDG accumulation were generated on exploratory basis and need confirmation in future experiments. 
